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Abstract
The solution of boron in γ-iron is the foundation of the study of boron segregation in steel. There are three different 
viewpoints on boron solution in γ-iron: (i) substitutional type, (ii) interstitial type, and (iii) both types. In this paper, 
the solution type and the diffusion coefficient of boron atom in γ-iron are studied using the first principle. The results 
show that the formation energy of boron atom at octahedral site is smaller than that of boron atom at substitution site, 
and boron atoms prefer to occupy the octahedral sites in γ-iron. The boron atoms diffuse through interstitial sites and 
the diffusion coefficient is 2.3×10-6exp[-1.35(eV)/kT](m2/s). 
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1. Introduction 
The addition of trace boron to microalloyed steels remarkably enhances hardenability [1,2], low-
temperature toughness [3]  and other properties of steel. Studies have shown that the effects have some 
relationships with the segregation of boron on defects such as grain boundary and phase boundray during 
various heat treatments [4]. Presently, trace boron addition is widely applied in the research and 
development of high strength super low carbon microalloyed steel [5,6]. In many situations, boron 
segregations toward grain boundaries and phase boundaries are non-equilibrium segregations. This kind 
of segregation usually arises in austenitic area. Therefore, clarifying the solution of boron in γ-ion is 
helpful to the research of  boron segregation in austenitic steels.  
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The solution type of solvent atom is usually determined by the atom size. If the ratio of the solute 
radius to the solvent radius is less than 0.59, we usually get interstitial solid solution. If the ratio is 
between 0.85 and 1.15, we usually get substitution solid solution. Boron atomic radius is 0.087nm [7]. 
The iron atomic radius in metallic iron is 0.126nm [7]. The ratio is 0.69 which is between the ratio of 
interstitial solid solution and the ratio of substitution solid solution. At present, there are three different 
opinions on the solution type of boron in γ-ion, interstitial solid solution, substitution solid solution and 
the two types coexistence. In this paper, we have investigated the solid solution type of boron in γ-Fe. We 
have calculated the boron diffusion coefficient of the diffusion through interstitial sites in γ-Fe.  
2.  Computational methods 
We made the calculation by using the CASTEP of Material Studio. The electron-ion interaction is 
described by the Projector Augmented Wave (PAW) method and the exchange-correlation energy is 
described by the PW91 of Generalized Gradient Approximation (GGA). The super-cell used in the 
calculation is defined as 2×2×2a3 (a is the optimized lattice constant). Gaussian smearing and cut-off 
energy are 0.2 and 400 eV, respectively. The optimized lattice constant and bulk modulus of γ-Fe are 
listed 3.625Å and 205.6 GPa, respectively. 
All substitutional sites, all octahedral sites and all tetrahedron sites in γ-Fe are equivalent respectively. 
Hence, we only need to calculate the formation energies of one boron atom at each site.  
 
At an interstitial site, the formulation energy is[8] : 
   
f N N
iE = E(Fe + B) - E(Fe ) - E(B)                                                                                         (1) 
 
At a substitutional site, the formulation energy is: 
        
f N -1 N
N - 1sE = E(Fe + B) - E(Fe ) - E(B)
N
                                                                             (2) 
 
Here, NE(Fe + B)  and N -1E(Fe + B)  are the energies for the lattice with boron atom at the interstitial 
site and the substitutional site, respectively. NE(Fe )  is the lattice energy of γ -Fe without boron 
and E(B)  is the energy for an isolated boron atom. 
Fig. 1 shows the supercell diagrams when boron occupies the substitutional site, the octahedral site 
and the tetrahedron site, respectively. 
3.  Result and discussion 
The calculated formation energies of boron atoms at different sites in γ-Fe are given in table 2. The 
table shows that the formation energy is lowest when boron atoms occupy the octahedral sites and highest 
when boron atoms occupy the tetrahedron sites. The formation energy difference between the tetrahedron 
site and the octahedral site is 1.35eV. Besides, the formation energy of substitutional site is 0.89eV higher 
than the formation energy of the octahedral site. Hence, it can be deduced that the boron atoms prefer to 
occupy the octahedral sites inγ-Fe. 
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Fig.1  (a) a boron atom occupies the substitutional site; (b) at the octahedral site;(c)at the tetrahedron site in a 2×2×2 supercell. 
Table 1  The formation energies of boron atoms at different sites inγ-Fe 
 Substitutional site  Octahedral site Tetrahedron site 
Formation energy (ev) -6.25 -7.14 -5.79 
 
Fig. 2 gives the density of states of the boron atoms at different sites and the nearest Fe atoms. The 
comparison between the densities of states of the Fe atoms with and without boron addition show that part 
of the 3d4s electrons of the iron atoms and 2s electrons of boron atoms shift toward the lower energy end 
and have hybridizations near -9.5eV, which reduces the system energy. The Mossbauer Spectrum Study[9] 
also shows that the extra-nuclear electrons of solution boron atom jump to the 3d orbit. The comparison 
between the density of states of the boron at the octahedral site and the substitutional site shows that the 
electrons of the iron atom and the boron atom have stronger hybridizations when boron occupied the 
octahedral site, which makes the formation energy lower. 
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Fig.2 Boron occupies the octahedral site (a,b) and the substitutional site (c, d); the density of states of the nearest iron atom (a,c) and 
the boron atom (b,d), the density of  states of iron atom without boron addition (e). 
The boron atoms occupied tetrahedron sites may diffuse through intersitial sites. The diffusion 
activation energy is 1.35eV,which is the difference between the formation energy for boron at tetrahedron 
site and that for boron at the octahedral site, and can be calculated with the data in Tabel 1. According to 
Zener et al. [10], the prefactor of the diffusion coefficient is: 
 
               .                                                                                        (3) 
 
 
Here, f is a correlation factor which is 0.78 in face-centered cubic structure[10], while d is the one 
hopping distance of the atom. For interstitial diffusion in face-centered cubic structure,  
 
                                                                                                                                                                 (4)  
   
where a is the lattice constant we get ,a=3.625Å, and Z is the nearest coordination number, for the 
octahedral interstice in face-centered cubic structure Z=12.ΔS is the entropy change of diffusion which 
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can be estimated by the formula mS ( E T )βΔ Δ≈  given by Zener et al. [10], here β is related to the 
solvent which is 0.3 in γ-Fe, while EΔ is the diffusion activation energy which is already caculated out to 
be 1.35eV. Here, mT is 1800K, hence we get ΔS k 1.3≈ . 
     ν is the atomic oscillation frequency, which can be estimated by the one dimensional harmonic 
oscillation frequency[11],  
 
                                                                                                                                                                 (5) 
 
Here m is the atom mass and U (0)′′ is the second derivative of the potential energy curve at the 
equilibrium position in diffusion direction. Fig. 3 is the  boron atom potential energy curve in diffusion 
direction obtained from the first principle calculation. Put the U (0)′′ into formulae (5), we can 
obtain 
12 -1
6.7 10 (s )ν ≈ × . Taking the above results into equation (2) , we can get -6 20 2.3 10 (m /s)D = × . 
Hence, we obtain the diffusion coefficient of the boron atom at octahedral site while diffusing through 
interstitial sites，D=2.3×10-6exp[-1.35(eV)/kT](m2/s). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To make a comparison with our results, we may find the present investigation on the diffusion 
coefficient of boron atom in γ-Fe. Busby et al. [12] measured the diffusion coefficient in the austenite 
region in carbon boron steel,which is D=2×10-7exp[-0.91(eV)/kT](m2/s). Wang et al. [14] using the boron 
Particle Tracking Autoradiography technique measured that the diffusion coefficient of boron in Fe-
30%Ni is D=1.9×10-6exp[-1.19(eV)/kT](m2/s). Based on the diffusion micro-mechanism and Morse 
potential, Yu et al. [13] get the result that the diffusion coefficient of boron inγ-Fe isD=7×10-6exp[-
1.50(eV)/kT](m2/s). The comparison among the calculated result of the diffusion coefficient of boron in 
this paper and all the results above are shown in Fig. 4. 
The diffusion velocity of boron in austenite region in microalloyed steel is affected by the alloying 
elements. Wang et al. [14] found that the diffusion velocity increased with the increasing addition of Ni 
until it became Ni-based. Yu [13] calculated the diffusion activation energy by the Morse potential of Fe-
B and they only took the nearest atom interaction into consideration. The diffusion activation energy 
obtained in their calculation is lager than that obtained in our work  by first principle simulation 
calculation. They thought the diffusion coefficient prefactor of boron was equal to that of carbon atom in 
( )1 U 0 m2ν π ′′≈
Fig .3. The potential energy near the equilibrium 
position when boron atom occupies the octahedral 
it
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Fig.4 The comparison of diffusion coefficients 
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γ-Fe, but the experiment results and the calculation of this paper shows that the diffusion coefficient 
prefactor of boron is smaller than that of carbon atom. The calculation result of this paper is closer to the 
boron atom diffusion coefficient obtained from experiment. Taking effects of other microalloy elements in 
the experiment into consideration, the diffusion coefficient obtained in this paper coincides well with that 
of boron atom measured in austenite region in microalloyed steel. 
4.  Conclusions 
In this paper, we calculated the energy of the system and the change of  the hybridizations of the 
density of atomic states in γ-Fe when boron atom occupies different sites by the first principle method.The 
results show that the boron atom and the iron atom have hybridizations. The formation energy is lowest 
when boron occupied the octahedral site. Hence, it  can be deduced that boron atoms prefer to occupy the 
octahedral sites in γ-Fe. The boron atoms diffuse through interstitial sites and the diffusion coefficient is 
D=2.3×10-6exp[-1.35(eV)/kT](m2/s). 
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